The diffuse dielectric anomaly observed in the temperature range of 400-700°C was investigated in MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramic. The frequency and the temperature dependence of the dielectric relaxation behavior in the diffuse dielectric anomaly were analyzed with the modified Debye equation. The dielectric relaxation strength was considered an important fitting variable in the modified Debye equation. The temperature-dependent behavior of the diffuse dielectric anomaly was successfully described by introduction of the exponential decay form for the relaxation strength in the modified Debye equation.
I. INTRODUCTION
Dielectric relaxation behaviors have often been reported at low frequencies (<10 4 Hz) in various oxide materials. [1] [2] [3] [4] [5] [6] [7] It is known as the diffuse dielectric anomaly and observed commonly as a type of frequencydependent diffuse peak in the temperature range of 400-700°C. It is generally believed that the diffuse dielectric anomaly has no relationship to the phase transition, although it looks like the behavior of the diffuse phase transition. A lot of evidences have been reported that the diffuse dielectric anomaly results from the oxygen vacancy-related dielectric relaxation phenomenon. [2] [3] [4] Several kinds of the models have been suggested through various perovskite-type oxide materials for this relaxational behavior. Bidault et al. 2 observed the diffuse dielectric anomaly in more than 100 samples of various shapes and textures of perovskite oxides in the temperature range 400-700°C. They found that the activation energies for the dielectric relaxation of the diffuse, dielectric anomaly in various perovskite systems are similar to those of the electrical conductivity. Yu et al. 3, 4 have recently reported that this type of dielectric relaxation behavior is a common feature in the perovskitestructure oxides containing titania. They proposed that the dielectric relaxation in the temperature range of 500-800 K results from the thermal motions of the oxygen vacancies on the basis that the activation energy of the dielectric relaxation in Bi-doped SrTiO 3 ceramic is similar to that of the thermal motions of oxygen vacancies.
According to the previous studies on the dielectric relaxation behavior, [2] [3] [4] [8] [9] [10] [11] the activation energies obtained through the Debye relaxational equation are key parameters for investigating the dielectric relaxation behavior while the relaxaton strength ⌬⑀ is regarded as a constant.
2-4 Equation (1) shows the modified Debye equation.
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where is the relaxation time and is the angular frequency. The value of ␤ is equal to 1 − ␣, where ␣ is the angle deviation from the ideal semicircular arc. From this relationship, the dielectric constant of the real part should be saturated to ⑀ s when the frequency decreases at a fixed temperature or the temperature increases at a fixed frequency when only the relaxation time is the adjustable fitting parameter. That is, the above process cannot explain the temperature dependence of the dielectric relaxation behavior unless the relaxation strength ⌬⑀ is also regarded as a fitting parameter, although the frequency dependence is well described. Therefore, the insight on the relaxation strength is required to investigate the diffuse dielectric anomaly more systematically.
In this study, the diffuse dielectric anomaly observed in the temeprature range of 400-700°C was studied, mainly focusing on the relaxation strength of the dielectric relaxation. The possibility of the relaxation strength as an important fitting parameter was investigated more clearly to understand the dielectric relaxation behavior of the diffuse dielectric anomaly. We chose the MnO 2 -doped (Pb,La)TiO 3 ceramic system, where the diffuse dielectric anomaly was observed in the temperature range of 400-700°C. 5, 6 The modified fitting method was suggested on the dielectric relaxation behavior of the diffuse dielectric anomaly using the Debye relaxation equation.
II. EXPERIMENTAL PROCEDURE
0.3wt% MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramic samples were prepared by the mixed sintering method. Raw materials (PbO, La 2 O 3 , and TiO 2 ) were weighed according to the composition, Pb 0.9 La 0.1 TiO 3 (0.9 PbO + 0.05 La 2 O 3 + TiO 2 ). The weighed batches were wet mixed in a ball mill for 24 h. After drying, they were calcined at 900°C for 3 h; then 0.3wt% MnO 2 was added to the calcined Pb 0.9 La 0.1 TiO 3 powder. The powder was milled again for 24 h and dried. Then it was pressed into disks with a diameter of 10 mm. The samples were sintered at 1150°C for 10 h with the atmosphere sintering method, where the calcined PbZrO 3 powder was used as an agent for maintaining the sintering atmosphere.
The x-ray diffraction analysis showed that all of the samples used for the measurement were monophasic under the detection limit of the equipment. The relative density was about 97%, which was measured by the water immersion method. Both sides of the samples were polished to the thickness of 500 m for the measurement of electrical properties. The samples were electroded with silver paste and fired at 600°C for 30 min. The real and the imaginary capacitance were measured at 10 2 ഛ f ഛ 10 6 Hz with an HP4192 Impedance Gain/ Phase analyzer in the temperature range of 25-700°C with the heating rate of 1°/min. Figure 1 shows the real (⑀Ј) and the imaginary part (⑀Љ) of the dielectric constants at various frequencies in the temperature range of 25-700°C for the 0.3wt% MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramic samples. The sharp dielectric anomaly by the ferroelectric-to-paraelectric phase transition, which has little frequency dependence, is observed near 340°C as shown in Fig. 1(a) . The frequencydependent diffuse dielectric anomaly in the real part of the dielectric constant is also observed above the Curie temperature. In the case of the imaginary part, as shown in Fig. 1(b) , it increases almost monotonously in the temperature range where the diffuse dielectric anomaly is observed in the real part. It is known to be a typical behavior when the electrical conduction dominantly contributes to the imaginary part at higher temperatures. [13] [14] [15] This result indicates that the diffuse dielectric anomaly occurs in the highly conductive state. The similar behavior of MnO 2 -doped (Pb,La)TiO 3 ceramics are already described experimentally by previous studies. 5, 6 A typical frequency spectrum of MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramic is displayed in Fig. 2 at several temperatures in the vicinity of the temperature maximum in the real part of the dielectric constants. A steplike dispersion at intermediate frequencies and a monotonous increase at low frequencies were clearly observed. These curves were fitted using the modified Debye formula as stated in Eq. (1). 3, 4, 12 In the case of the imaginary part, a clear dispersion was not obtained because of the coverage effect by the electrical conduction. 13 Therefore, we mainly focused on the real part dispersion in this study. The real and the imaginary parts of the permittivity can be written from Eq. (1) in the following form:
III. RESULTS AND DISCUSSION
where ⑀ ϱ is the permittivity at high frequency, is the angular frequency, and is the mean relaxation time.
The term z is defined as ln(), and the relaxation strength is ⌬⑀ ‫ס‬ ⑀ s − ⑀ ϱ . The dielectric constant before the dielectric relaxation occurs is ⑀ s . The value of ␤ is equal to 1 − ␣, where ␣ is the angle deviation from the ideal semicircular arc. 4, 12 Concerning the Debye relaxation alone, the relaxation time becomes the first adjustable parameter. If the dielectric relaxation is related to the thermally activated process, the relaxation time will obey the following equation:
where o is the relaxation time at infinite temperature, E is the activation energy for relaxation, k B is Boltzman's constant, and T is the absolute temperature. The fitting parameters, ␤, ⌬⑀, ⑀ ϱ , and are shown in Table I . The value of ␤, describing the degree of the deviation from the Debye relaxation is fixed to 0.90, from which the derivation of the Debye relaxation model can be neglected. 3, 4 Therefore, all the fits are reliable with a nearly monodispersive Debye relaxation process. The linear relationship between the log scale of relaxation time and the inverse temperature as stated in Eq. (4) gives E ‫ס‬ 1.40 eV, and o ‫ס‬ 1.6 × 10 −14 s for the sample as shown in Fig. 3 . The activation energy is in quantitative agreement with the results that Bidault et al. 2 observed in (Pb,La)TiO 3 ceramics. It is believed that the diffuse dielectric anomaly results from the dielectric relaxation behavior of the oxygen vacancy-related defects although the detailed mechanism has not been clearly known. 2 In perovskite-type oxides, such as SrTiO 3 ceramics, dielectric anomalies observed at lower temperatures were also reported to be oxygen vacancy-related dielectric relaxation. 16 In particular, doped Mn ions are substituted for Ti + 4 sites as an acceptor, which stabilizes the oxygen vacancy in the lattice for the electrical neutrality condition. 17 This process well describes the frequency dependence of the diffuse dielectric anomaly at each fixed temperature. However, the Debye equation cannot explain the temperature dependence of the relaxation behavior when the other adjustable parameter, the relaxation strength, ⌬⑀ ‫ס‬ ⑀ s − ⑀ ϱ is regarded as a constant. Figure 4 shows the schematic diagrams of the frequency-and the temperature-dependent behaviors of the dielectric relaxation, following the Debye relaxational equation where the relaxation time is only considered as a fitting parameter. The figure indicates that the dielectric constant should be saturated to ⑀ s as the frequency decreases at a fixed temperature [ Fig. 4(a) ], or the temperature increases at a fixed frequency [ Fig. 4(b) ]. When the relaxation strength is assumed to be constant, the presumption is added to the Debye relaxation model that the polarization by the relaxing species fully contributes to the dielectric susceptibility ѨP/ѨE. That is, the effect of the electrical conduction is ignored. However, this assumption is not true at higher temperatures where the thermal energy in the system is high enough to disturb the dielectric susceptibility of the relaxing species. It is generally believed that the dielectric susceptibility decreases reciprocally with the temperature in the case of dipolar polarization. [13] [14] [15] In particular, in a high conductive state, the exponential term is added to the relaxation equation. 13 Therefore, a simple exponential decay function was chosen to correct the temperature dependence of the dielectric strength.
2 Equation (5) represents that the dielectric relaxation strength is expressed with the exponential term:
where ⌬⑀ o is a constant, which is in proportion to the number of relaxing dipoles, and E ⑀ is an activation energy, which controls the temperature dependence of the relaxation strength. We used the dielectric constant measured at 1 MHz as ⑀ ϱ because it has almost no frequency dependence. The activation energy for the relaxation time was based on the calculated value as already shown in Fig. 3 . Figure 5 shows the experimental results and the fitted values (solid line) obtained by introducing Eq. (5) into Eq. (2). The fitting parameters are summarized in Table II . In the case of the lower frequencies (1 kHz), there is a slight misfit between the experimental values and the fitting results. However, the discrepancies almost disappear as the frequency increases. It should be noted that the diffuse dielectric anomaly peak is well described by the modified fitting. The left side of the diffuse dielectric anomaly was mainly controlled by the variation of the term including E , and the decreasing right side was dominantly controlled by the relaxation strength ⌬⑀, which includes the term of E ⑀ .
The previous studies on the dielectric relaxation behaviors have usually focused on the activation energy, E assuming the relaxation strength is constant.
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However, it is considered that the diffuse dielectric anomaly is described by the combined effect of two kinds of the activation energies, E ⑀ and E , from the above results. At a fixed thermal state, which means "at constant temperature," E describes the relaxation behavior of the relaxing species as a function of the frequency. It is known that the relaxing species are related with the oxygen vacancies.
2-4 Therefore, it is reasonable that similar values of activation energies for the dielectric relaxation are obtained in various kinds of perovskite materials. 2 The other activation energy, E ⑀ describes how much the dielectric polarization of the relaxing species contributes to the dielectric susceptibility as the temperature increases. It represents the relationship between the dielectric susceptibility and the thermal relaxation behavior at a fixed frequency. This process has the activation energy of 0.86 eV as already shown in Table II .
It has already been mentioned that the diffuse dielectric anomaly occurs at highly conductive state as shown in Fig. 1 . At lower temperatures, where the effect of the electrical conductivity is low enough to be ignored, dielectric anomalies in the imaginary part as well as in the real part are clearly observed. [18] [19] [20] [21] [22] Therefore, the relationship between the real and imaginary parts are clearly established. However, it is difficult to observe the relationship between them in the case of the diffuse dielectric anomaly observed in the temperature range of 400-700°C. Figure 6 shows the variation of the real and the imaginary part of the dielectric constant as a function of temperature typically measured at 10 kHz. The imaginary part of the dielectric constant expresses directly the electrical conductivity in an alternating current field, which follows a thermally activated process. 2, [13] [14] [15] The figure describes that the temperature-dependent behavior of the dielectric properties is divided into three parts. It is interesting that the real and the imaginary part are closely related with each other. Region (I) represents the intrinsic dielectric property above the Curie temperature, which follows the Curie-Weiss law. It should be noted that two kinds of activation energies appear in the electrical conduction process. It describes that the dielectric relaxation behavior of the diffuse dielectric anomaly is the combined effect of two kinds of thermally activated processes. At the left side of the diffuse dielectric anomaly where the activation energy for the dielectric relaxation (E ) is related, the activation energy for the electrical conduction (E ) is 0.55 eV. The calculated activation energy for the electrical conduction at the right side of the diffuse dielectric anomaly is 1.2 eV. This value is comparable with that of the intrinsic region (I). It is considered that the diffuse dielectric anomaly is closely related with the electrical conduction according to the previous studies. [2] [3] [4] However, detailed information is still lacking at this stage. The relaxation time has been only the key parameter for explaining the dielectric relaxation of the diffuse dielectric anomaly. [2] [3] [4] [8] [9] [10] [11] However, the above results confirm that the variation of relaxation strength is another key parameter for understanding the dielectric relaxation behavior in the diffuse dielectric anomaly.
IV. CONCLUSIONS
The diffuse dielectric anomaly observed in the temperature range of 400-700°C was investigated in MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramic. The dielectric relaxation strength was considered as an important fitting parameter to describe the temperature dependent behavior of the dielectric relaxation in the diffuse dielectric anomaly. The diffuse dielectric anomaly was successfully described with the substitution of the exponential decay form for the relaxation strength in the modified Debye equation. It was confirmed that the diffuse dielectric anomaly is the combined effect of two kinds of thermally activated process. FIG. 6. The real and the imaginary part of the dielectric constant as a function of the temperature measured at 10 kHz. The electrical conductivity in an alternating current field was obtained from the imaginary dielectric constant.
